Abstract: Quantitatively evaluating the reliability of fiber Bragg grating (FBG) sensor networks becomes problematic as the number of working fiber failures increases in dedicated protection mode. To solve this problem, a signal attenuation rate (SAR) of the sensor system is proposed to evaluate self-healing capabilities after increased working fiber failures. We analyze the influencing factors and calculate the theoretical values of SAR under different network states for values of split ratio a ¼ 0:1, 0.5, and 0.9. Our theoretical model was experimentally demonstrated using an FBG sensor network with four sensors. The results of our calculations using this model agree with our experimental results.
Introduction
Fiber-optic sensor networks have been widely used for monitoring structural health in the field of large-scale structures and natural environments [1] . Most fiber-optic sensor networks are based on fiber Bragg grating (FBG) sensors because of their excellent multiplexing capabilities and compactness [2] , [3] . With the further development of multiplexing technologies, including wavelength-division multiplexing (WDM), time-division multiplexing (TDM), and code-division multiplexing access (CDMA), the size of FBG sensor networks is continually growing. However, such large sensing networks suffer from various faults, including broken links and sensor failures. Thus, the reliability of FBG sensor networks quickly becomes a challenge in practical applications. To enhance their reliability, studies focused on FBG sensor networks with selfhealing capabilities are increasingly important [4] .
To date, there have been several studies of self-healing capabilities in FBG sensor networks, including hexagonal mesh FBG sensor networks [5] , star-ring-Bus FBG sensor networks [6] , and passive star-ring FBG sensor networks [7] . Perez-Herrera et al. [1] systematically discussed the schemes and the pros and cons of robust fiber-optic sensor systems and their categories of protection; however, there have been few reports on the quantitative analysis of the reliability of FBG sensor networks. Urquhart et al. [8] developed a matrix formulation to determine network connectivity after any single failure with the aim of describing a path to self-diagnosis. Zhang et al. [9] reported a mathematical expectation of the coverage ratio for fiber-optic sensor networks to evaluate the robustness of different topologies. Unfortunately, these mathematical models are not suitable for analyzing the self-healing capabilities of FBG sensor networks in dedicated protection mode.
In dedicated protection mode, optical couplers are employed to connect FBG sensors and perform reconfigurable functions of the network after working fibers are detected as being broken [1] . When a working fiber is broken, the signal attenuation at the receiver (when no amplifier is present in the network) will increase. At the moment, because of the protection fibers, the receiver can accept all sensing signals. Similarly, when two working fibers are broken, the signal attenuation at the receiver will continuously increase and the FBG sensor network still performs its self-healing operations; however, as the signal attenuation at the receiver progressively increases as the number of working fiber failures increases, we cannot determine if the given network can self-heal because the signals accepted by the receiver may be interpreted as system noise.
Thus, we need an evaluation parameter to determine when the network can still self-heal after multiple failures. With this evaluation parameter, we can quantitatively determine the self-healing capabilities of sensor networks in dedicated protection mode. In this paper, we propose such an evaluation parameter, a signal attenuation rate (SAR), to analyze the reliability of FBG sensor networks and experimentally demonstrate it using an FBG sensor network with four FBG sensors. Fig. 1 shows the proposed architecture of the star-ring FBG sensor network [7] . This FBG sensor network comprises a 1 Â N coupler array, a central office (CO), and N remote nodes (RNs) that each comprises a 1 Â 2 coupler and an FBG sensor Si [see Fig. 1(c) ]. The CO provides the light source and discriminates between the signals from the sensor network. To protect the FBG sensor network against a single 1ÂN optical coupler failure, the CO has a 1 Â 2 switch that serves as the bridge between the light source and the 1 Â N coupler array. The optical signals are distributed to the star subnet through the 1 Â N optical coupler and further sent to each FBG sensor located at the RN via the N 1 Â 2 couplers; this process is shown via green arrows in the figure.
Sensing Network Architecture and Theoretical Model
Connecting fibers Er i ði ¼ 2; . . . ; NÞ are used to connect RN i and RN i À 1 in the ring subnet, and Er1 is used to connect RN 1 and RN N. In each RN, one end of every FBG sensor is connected with a 1 Â 2 coupler, and the other end is connected with the adjacent 1 Â 2 coupler. The central wavelengths of each of the N FBG sensors in the FBG sensor network are 1; 2; . . . ; N. Only the optical signals with wavelengths that satisfy the Bragg condition of the FBG sensor are reflected and sent to the CO through the 1 Â 2 coupler in the corresponding RN and the 1 Â N coupler array [shown via red arrows in Fig. 1(a) ]. The remaining optical signals are forwarded to subsequent FBG sensors. Therefore, the reflected signal power of every FBG sensor is the sum of N input branches. For example, S 1 will receive an optical signal that is the sum of the light from Es 1 ; Es 2 ; . . . ; Es N , where Es 1 is a working fiber for S 1 and others are protection fibers. Because of the existence of protection fibers, the FBG sensor can still receive incident light when a working fiber failure occurs inside the star-ring network. Thus, the self-healing function is performed via the power-combining and power-splitting of the two types of couplers.
As mentioned above, because of the protection fibers, the star-ring FBG sensor network can perform the reconfigurable function after fiber failures; however, the optical intensity received from remote node RN i will decrease as the number of working fiber failures increases. In other words, the signal attenuation of the network will progressively increase after working fiber failures. When the optical intensity of the sensors drops to a certain value, the optical sensing signals are obscured by noise in spite of the self-healing functions of the sensor network. We therefore propose a mathematical model to evaluate the self-healing capabilities under different types of network states.
We define this mathematical model as a signal attenuation rate (SAR) of the sensor system. Because the probability of sensor damage is very low, only the faults located in the connecting optical fibers are considered. We assume that the signal of S 1 has intensity I þ I noise , where I is the optical intensity of the signal sent from the CO and I noise is the intensity of the noise. Since the FBG sensor network is immune to external interference, it is reasonable to assume that I noise is small and can be ignored. When a fiber is cut in the network, I decreases to 0 in the worst case. We know that each connecting fiber has two possible states, namely functional or failed. Thus, the vector of states for each connecting fiber x ¼ ðx 1 ; x 2 ; . . . ; x n Þ, where n is the number of connecting optical fibers, can represent 2 n network states. With the star-ring architecture, the number of fibers can be calculated as n ¼ 3N. For simplification, we model the FBG sensor and its adjacent coupler as one node, as shown in Fig. 1(c) , which then reduces the number of fibers to n ¼ 2N.
As all FBG sensor nodes have the same states, we take S 1 as an example. S 1 receives optical signals from N branches with the total signal intensity expressed as
where I 0 represents the intensity of the incident light, a is the split ratio of each 1 Â 2 coupler (expressed as a percentage), and B is the insertion loss of each 1 Â 2 coupler, which is a constant that depends on the character of the coupler. Because the reflectivity of the FBG sensor we used in our experiments was high, we assume it to be 100Q. The intensity of the optical signal reflected by S 1 at the central node is then described as
Inserting (1) into (2), we obtain
From (3), we know that split ratio a and the number of sensors N are two main factors that affect the SAR of the optical signal, here, we ignore the effect of others factors, such as the splice. curvatures and thermal stability; therefore, it is important to address the effect that these two factors have on the SAR of the system. Fig. 2 shows SARðS 1 Þ as a function of the number of sensors in the FBG sensor network for different values of split ratio a. From the figure, we observe that SARðS 1 Þ decreased with an increasing number of sensors when the split ratio was constant; however, when a G 0:3, SARðS 1 Þ of the received signal first increased slowly from N ¼ 3 to N ¼ 5 and then decreased steadily as N increased further. The SARðS 1 Þ of the system's signals was small and close to zero, because most of the optical signals were transmitted within the ring subnet and a small portion of optical signals were transferred back to the CO. When a 9 0:3, SARðS 1 Þ dropped sharply until N ¼ 10 and then dropped more slowly after N ¼ 10. Furthermore, this trend for large a was stronger than that for small a. From the above discussion, it appears that for a star-ring sensor network to have high optical intensity, the number of sensors must be less than 30, and the split ratio should be close to one.
In practice, however, when the split ratio a is close to one, most of the optical intensity would be focused in the star subnet, and many sensors would lose their sensing information once the connecting fiber Es i failed. Therefore, the optical power should be uniformly distributed in the ring and star subnets during normal operation. Thus, a split ratio of a ¼ 0:5 is considered to be a better value for the proposed FBG sensor network.
To illustrate our presented calculation model, a detailed description of an FBG sensor network comprising four sensors ðN ¼ 4Þ was implemented to calculate SARðS 1 Þ under different network states. When one or more fiber links fail in this FBG sensor network, there are 2 8 different states corresponding to the different combinations of failures. To simplify this model, a fault in a ring branch fiber can be expressed as a failure in a star branch fiber. For example, when fiber Er 3 is broken, the optical signals from Es 3 and Es 4 will not arrive at sensor S 1 (i.e., this case is equivalent to fibers Es 1 We calculated SARðS 1 Þ at the 1 Â N coupler for a ¼ 0:1, 0.5, and 0.9 to determine the influence of the split ratio. Fig. 4 shows the results of our theoretical calculations, where the x-axis shows the number of network states arranged according to their corresponding values of SARðS 1 Þ from smallest to largest when a ¼ 0:5. When a ¼ 0:1, SARðS 1 Þ results are small, wherein the sensor loses its sensing information. When a ¼ 0:9, SARðS 1 Þ results in states 5, 6, 7, 11, 12, 13, and 15 are high, but are very low for the other states. We observed that many optical signals were transmitted through fiber Es 1 in this case; therefore, this fiber became the key working fiber. Once fiber Es 1 is broken, the CO does not receive optical signals.
Compared with a ¼ 0:1 and a ¼ 0:9, when a ¼ 0:5, SARðS 1 Þ results from the FBG sensor network are considerably greater than zero for most network states, except state 4. Therefore, the intensity of the system for a ¼ 0:5 is sufficiently high to ensure that the passive star-ring FBG sensor network continuously works using its self-healing capabilities despite one or more points of failure if we enhance the input power of the CO or employ an online optical amplifier. These calculation results agree with the results shown in Fig. 2 . 
Experimental Results and Discussion
To verify our presented calculation model, we implemented the experimental system illustrated in Fig. 3 . In the CO, we used an amplified spontaneous emission (ASE) broadband light source, an FBG sensor demodulation module with an F-P tunable filter fabricated by Micron Optics, a photonics detector (PD), and a USB-6251 NI acquisition card to demodulate reflected optical signals. The spectrum range of the ASE light source was 1525-1567 nm. The Bragg wavelengths of the four FBG sensors S1, S2, S3, and S4 were 1537.32 nm, 1534.28 nm, 1530.50 nm, and 1525.67 nm, respectively. The peak reflectivity values the FBGs were approximately 99Q, and their average 3-dB bandwidths were 0.2 nm. The coupler was connected to the FBG sensors via fiber connectors whose insertion loss was less than 0.2 dB. When there was no fiber fault in the network, the CO successfully detected the four fiber sensors.
In our experiments, we considered sensor S1 to demonstrate the calculation model of our proposed network. Fig. 4 shows our experimental results under different network states for a ¼ 0:1, 0.5, and 0.9, where solid lines with solid points indicate the fitting lines of the calculation results and hollow points represent our experimental results. As seen in the figure, our experimental results agree with our theoretical values. Therefore, our theoretical model can be used to analyze and calculate SAR for different network states.
